Mycobacterium tuberculosis (Mtb) has a proteasome system that is essential for its ability to cause lethal infections in mice. A key component of the system is the proteasomal adenosine triphosphatase (ATPase) Mpa, which captures, unfolds, and translocates protein substrates into the Mtb proteasome core particle for degradation. Here, we report the crystal structures of near full-length hexameric Mtb Mpa in apo and ADP-bound forms. Surprisingly, the structures revealed a ubiquitin-like b-grasp domain that precedes the proteasome-activating carboxyl terminus. This domain, which was only found in bacterial proteasomal ATPases, buries the carboxyl terminus of each protomer in the central channel of the hexamer and hinders the interaction of Mpa with the proteasome core protease. Thus, our work reveals the structure of a bacterial proteasomal ATPase in the hexameric form, and the structure finally explains why Mpa is unable to stimulate robust protein degradation in vitro in the absence of other, yet-to-beidentified co-factors.
Introduction
Proteasomes are regulated proteases that are ubiquitous in eukaryotes and archaea and are found in some bacterial genera (Hanna and Finley, 2007) . In eukaryotes, a doomed protein substrate is usually ubiquitylated and recognized by a multi-subunit complex called the 19S regulatory particle. The regulatory particle includes a hexamer of six distinct ATPases (Rpt1-6) that unfolds and translocates proteins through its axial channel into a barrel-shaped protease called the 20S proteasome, or core particle (CP) (Lowe et al., 1995; Groll et al., 1997; Hu et al., 2006; Finley et al., 2016) . While prokaryotes do not make ubiquitin, some archaea are proposed to use a ubiquitin-like protein conjugation system termed SAMPylation (Maupin-Furlow, 2013) . Like ubiquitin, SAMPs (small archaeal modifier proteins) have a b-grasp fold, and their covalent linkage to proteins requires a carboxyl (C)-terminal glycine. The archaeal homohexameric proteasomal ATPase PAN (proteasome-activating nucleotidase) may be responsible for unfolding a SAMPylated protein and delivering it into a proteasome (Fu et al., 2016) .
Actinobacteria have evolved a proteasome system that is analogous to yet distinct from the archaeal and eukaryotic systems [reviewed in (Jastrab and Darwin, 2015) ]. In mycobacteria and other related genera such as Streptomyces and Rhodococcus, a protein substrate is modified by the covalent attachment of a small protein called Pup (prokaryotic ubiquitin-like protein) (Pearce et al., 2008; Yun et al., 2012; Compton et al., 2015) . Unlike ubiquitin or SAMP, which are highly structured, Pup is intrinsically disordered and uses a C-terminal glutamate instead of a glycine to form an isopeptide bond with a lysine of a substrate (Pearce et al., 2008; Burns et al., 2009; Chen et al., 2009; Liao et al., 2009; Sutter et al., 2010) . A hexameric mycobacterial proteasome ATPase (Mpa) directly recognizes pupylated substrates and unfolds and translocates them into the mycobacterial 20S CP for degradation (Darwin et al., 2005; Burns et al., 2009; Wang et al., 2009; Sutter et al., 2010) . Proteolysis by the Pup-proteasome system is essential for lethal Mtb infections in mice for numerous reasons (Samanovic and Darwin, 2016) . Most importantly, mutations in the Pup-proteasome genes result in Mtb virulence attenuation by increasing bacterial susceptibility to nitric oxide, an antimicrobial free radical released by macrophages (Darwin et al., 2003) . The Pupproteasome system also directly or indirectly regulates copper resistance, which is required for the robust growth of Mtb in vivo (Ward et al., 2010; Festa et al., 2011; Wolschendorf et al., 2011) . Thus, inhibiting the activity of this regulated degradation system could provide a new therapeutic target for tuberculosis, the leading cause of death worldwide by a single infectious agent (http://www.who.int/mediacentre/factsheets/ fs104/en/).
An Mpa protomer consists of several distinct domains (Finley et al., 2016) . First, each amino (N)-terminal ahelix of a protomer within a hexameric ring dimerizes with the helix of an adjacent protomer to form a coiledcoil structure. This pairing of adjacent helices results in the formation of three extended dimers, breaking the sixfold symmetry at the N-termini (Djuranovic et al., 2009; Zhang et al., 2009; Wang et al., 2010) . The coiled-coil domain in Mpa acts as a specific receptor for Pup: upon binding to Mpa, Pup, which is mostly disordered in solution, becomes helical (Wang et al., 2010) . Deletion of the coiled-coil region abolishes the ability of Mpa to unfold a model substrate (Striebel et al., 2010) .
Following the coiled-coil domain are two tandem oligonucleotide/oligosaccharide-binding (OB) domains forming a double ring; this contrasts with the archaeal PAN and the eukaryotic Rpt1-6 proteins, each of which has a single OB domain (Djuranovic et al., 2009; Zhang et al., 2009; Wang et al., 2010) . In the absence of the N-terminal coiled-coil, the OB domains alone are sufficient to maintain the hexameric state of Mpa (Wang et al., 2009) .
The C-terminal half of all proteasomal ATPases is largely an ATPase associated with various cellular activities (AAA) domain, which hydrolyzes ATP to drive the unfolding and translocation of proteins into the 20S CP. Finally, at its C-terminus, Mpa has a glycine-glutaminetyrosine-leucine (GQYL) motif that is essential for activating proteolysis by the mycobacterial proteasome (Pearce et al., 2006; . Replacing G, Y, or L, but not Q, in the GQYL motif with an alanine in Mpa or another bacterial proteasome activator (Bpa/ PafE) abolishes the activator-assisted proteolysis by Mtb 20S CPs (Delley et al., 2014; . This sequence is the functional equivalent of a motif found at the C-termini of PAN, Rpt2, Rpt3, and Rpt5, which have C-terminal hydrophobic-tyrosine-X (HbYX) motifs that are required for proteasomal activation (Smith et al., 2007; Unverdorben et al., 2014; Luan et al., 2016) . While the eukaryotic Rpt1-6 hexamer co-purifies robustly with 20S CPs, prokaryotic ATPases like Mpa and PAN bind weakly to their respective 20S CPs (Wang et al., 2009; Smith et al., 2011) .
We noticed that Mpa is longer than the PAN and Rpt proteins, and the majority of the extra length is at the Cterminus. To determine the function of this uncharacterized region, we determined the atomic structure of the near-complete Mtb Mpa hexamer by X-ray crystallography. In addition to revealing a three-ring architecture composed of a double OB ring on top of an ATPase ring, we found a ubiquitin-like b-grasp domain preceding the C-terminus of Mpa that prevents the GQYL motif from docking with the 20S CP. Thus, our study revealed a crucial feature that distinguishes bacterial proteasome activators from those found in the other domains of life.
Results
Overall features in the crystal structure of an engineered Mpa hexamer
Wild-type Mpa is composed of 609 amino acids. To facilitate crystallization, we removed the N-terminal 94 or 97 residues that contains the coiled-coil domain (Wang et al., 2010) . The gel filtration profile indicated that the engineered Mpa formed hexamers in solution (Supporting Information Fig. S1 ). We crystallized and determined Mpa structures in apo and ADP-bound forms at 3.49 Å and 2.9 Å resolution respectively ( Table 1 ). The apo Mpa crystal structure was determined in P2 1 2 1 2 1 space group with two distinct hexamers in the asymmetric unit (Supporting Information Fig. S2A ). The ADP-bound structure was obtained by co-crystallizing Mpa in the presence of 5 mM ATPgS in the P321 space group. In the P321 crystal, the central chamber of the Mpa hexamer coincided with the crystallographic threefold axis (Supporting Information Fig. S2B ). We found that ATPgS was hydrolyzed to ADP in the crystals such that each of the two protomers in the asymmetric unit was bound to one ADP (Supporting Information Fig. S3 ). ATPgS is slowly hydrolysable in solution, so it was unsurprising that we and others observed ADP in the crystals (Satyshur et al., 2007; Zebisch and Strater, 2008; Watanabe et al., 2015) . The apo Mpa structure was largely superimposable with the ADP-bound structure, with an RMSD value ranging from 0.75 to 1.95 Å (Supporting Information Fig. S4 ).
We found that the engineered Mpa hexamer is 100 Å high and about 130 Å wide (Fig. 1A) . The hexamer can be divided into two main sections: the double OB ring section on the distal face and the ATPase ring section on the proximal face, with "distal" and "proximal" referring to the position relative to the 20S CP in an assembled proteasome. These two rings are co-axial, i.e., the central sixfold axis of the OB ring coincides with that of the ATPase ring. As we reported before (Wang et al., 2009) , each of the two OB domains in an Mpa protomer is composed of a five-stranded b-barrel, and the OB double ring in a hexamer has an outer diameter of 70 Å and an axial channel of 25 Å at the distal face. The three glycines that replaced the 17-residue loop outside the second OB domain are disordered. Another 10-residue loop outside the large AAA subdomain (Glu-316 to Ala-325) is also disordered. The interface between the OB ring and the ATPase ring is formed by extensive electrostatic interactions (Fig. 1B) . A negatively charged patch (Glu-166, Asp-181, Glu-182, and Glu-183) on the proximal face of the OB2 ring (left image) interacts with a positively charged patch (Arg-347, Arg-350, Arg-355, and Arg-357) of the ATPase ring (right image).
The AAA ATPase domain of Mpa is composed of two distinct subdomains: a large a/b region and a small helical region ( Fig. 2A) . The a/b-domain has a five-stranded b-sheet core flanked by five a-helices on one side and three a-helices on the other. Two loops in the a/bdomain facing the hexamer channel, labeled as pore loops 1 and 2, are disordered. Pore loop 1 connects ahelix 5 and a-helix 6 and contains the conserved aromatic and hydrophobic (Ar-/) motif. The small helical subdomain contains five a-helices. These two AAA subdomains closely resemble those of PAN and Rpt1 Unverdorben et al., 2014) , with a RMSD of 1.77 Å for 153 Ca atoms and 1.60 Å for 152 Ca atoms respectively (Fig. 2B) . Assembly of the hexamer requires extensive interactions between neighboring protomers, which buries a total of about 5000 A b-grasp-like domain near the C-terminus in bacterial proteasomal ATPases
We noticed that bacterial proteasomal ATPases are longer than PAN and Rpt1-6, and most of the additional sequence is found near the C-termini of these proteins (Supporting Information Fig. S5 ). Upon the structural determination of the C-terminal domain of Mpa, we found an unexpected b-grasp-like fold, comprising one a-helix (a13) and a three-strand b-sheet (b16-b18) (Fig. 2C ). The first two b-strands (b16, b17) are between a10 and a11 of the small AAA subdomain, and the third b-strand (b18) and an a-helix (a13) are appended to the end of that subdomain (Fig. 2C ). The b-grasp domains of neighboring protomers interact extensively via a network of five H-bonds between a13 of one protomer and b18 of the neighbor: two H-bonds between Ser-574 and Tyr-583 0 , one H-bond between the carbonyl oxygen of Gly-575 and Arg-585 0 , one H-bond between Arg-580 and Val-582 0 , and finally, one H-bond between Ala-571 and Ala-598 0 . The interactions cause the b-grasp domains of the hexamer to form the last constriction of diameter of 22 Å along the axial channel. Six Arg-580 side chains in the loops connecting a13 and b18 line the constriction at the exit port (Fig. 2D ).
Charged residues lining the axial channel are important for substrate degradation
The structure of the Mpa hexamer revealed an axial channel that resembled the shape of a vase, with a diameter that varies widely from the top substrate entrance to the bottom substrate exit port (Fig. 3A) . In the upper OB ring region, Glu-145 and Arg-120 in the OB1 domain form a funnel shape with an opening of 25 Å . Lys-225 and His-179 in the OB2 domains form the narrowest portion of the axial channel, a 15 Å wide neck. The entry point to the upper chamber of the ATPase ring is 26 Å wide and is lined with pore loop 1 preceded by a conserved Lys-340. The central portion of the ATPase channel is the widest point, 37 Å , and is lined with Arg-417 and Asp-419 in b-hairpin loops (b14-b15). These arginines are highly conserved among proteasomal ATPases (Supporting Information Fig. S5 ).
Between the neck and widest point of the channel is the disordered pore loop 2 that contains the conserved Arg-380, Val-384, and Ser-385 (Supporting Information Fig.  S5 ). This unresolved loop likely makes the channel narrower than it appears in our structure. In the lower bgrasp domain, Arg-597, R580, and Asp-600 line the channel. A prominent feature of the channel is that it is lined with many charged residues (Fig. 3B ). Although the channel should be filled with water, the conserved charged residues likely contact the substrate peptide and consequently influence the efficiency of substrate degradation. We assessed the importance of these residues on the degradation of two proteasomal substrates in Mtb, malonyl coA-acyl carrier protein transacylase (FabD) and inositol 1-phosphate synthetase (Ino1) in vivo (Fig. 3C) . Eight single or double point mutations were introduced into a complementation plasmid with mpa expressed from its native promoter; the resulting plasmids were then integrated onto the Mtb chromosome of an mpa-null mutant to determine whether they A. The vase-like shape of the of Mpa hexamer central chamber. The entry port and the neck are formed by the OB domain. The upper and lower chambers are defined by pore loop 1 and loop b14-b15 in the ATPase domain. The exit port is defined by loop a13-b18 in the b-grasp domain. The dashed black curves indicate the disordered C-terminal eight amino acids. B. Surface potential of the translocation chamber of Mpa hexamer. The red dash indicates the convex shape of the C-terminal surface. C. Immunoblot analysis of proteasome substrates in Mtb strains expressing mutant alleles of mpa. Charged residues lining the axial channel of the Mpa ring were mutated to leucine (L) or glycine (G). E372A is a previously characterized Walker B motif mutant, and Y608A has a mutation in the essential GQYL motif at the C-terminus of Mpa. FabD and Ino1 are Mtb proteasome substrates. DlaT was the loading control. Just below the first panel is a longer exposure of the immunoblot to Mpa that shows a potential pupylated species of Mpa in several strains. The amount of Mpa, Ino1, and FabD is shown as a percentage of the DlaT loading control and was quantified from the same immunoblot using Image J software. Lanes labeled in red show test protein that had at least a 50% difference from either the wild type (WT) or mpa 1 complemented ("comp.") strains. The asterisk indicates a sample that had overall lower protein amounts. For all panels, strains contain the plasmid pMV306 with either no cloned insert ("WT" and "mpa" lanes) or the indicated mutant mpa alleles (each expressed in the mpa null mutant). See Supporting Information Table S1 for strain numbers and genotypes. See Experimental procedures for additional details.
could restore the degradation of FabD and Ino1. Because we chose to mutate residues located in the solvent-exposed internal channel and not in between Mpa protomers, the mutations were not expected to significantly alter the overall structure or hexameric state of the Mpa ring. We verified that the point mutations did not alter the ability of mutant Mpa to form hexamers relative to WT Mpa in total Mtb cell lysates using native gels (Supporting Information Fig. S6 ). We found that most of the mutant proteins retained substantial ATPase activity, but there was a 20-55% reduction in activity in several of the proteins (Fig. S7) . While this likely contributed to the reduced degradation observed in vivo, we cannot rule out that there were also defects in substrate translocation for ATPase-independent reasons since we observed fairly dramatic decreases in degradation.
As previously shown, a mutation in the Walker B motif of Mpa (E372A) led to increased amounts of Mpa as well as FabD and Ino1 (Fig. 3C) (Pearce et al., 2006; Festa et al., 2010) . This observation had been also shown for mutations in the GQYL motif (Y608A) (Darwin et al., 2005; Pearce et al., 2006; Wang et al., 2009 ). Under the conditions tested here, Mpa Y608A did not accumulate above WT levels, but it was unable to facilitate FabD or Ino1 degradation (Fig.  3C) . Most of the other mutant proteins also appeared at levels comparable with the strain complemented with WT mpa. Importantly, all but one of the mutations (Mpa R580L ) resulted in less degradation of FabD and Ino1 (Fig. 3C) . Because proteolysis of substrates in the strain producing Mpa R580L looked similar to proteolysis in the wild type strain, this residue is not likely to be directly involved in the translocation of unfolded substrates. Almost all of the other residues selected for mutagenesis significantly interfered with protein degradation.
The nucleotide-binding site in the Mpa crystal structure
In the ADP-bound Mpa crystal structure, we observed that every Mpa protomer was bound to ADP, yielding a stoichiometry of six nucleotides per Mpa hexamer ( Fig.  4A and B; Supporting Information Fig. S3 ). As expected, nucleotide was found between the large a/b subdomain and the small helical subdomain of each AAA domain ( Fig. 4A and C) . A highly basic cavity formed by the backbone amides of Gly-196 and Gly-298, and Lys-299 of the Walker A motif in the a/b subdomain, accommodates the phosphate groups. This structural feature explains our previous finding that mutating Lys-299 to Gln reduces the affinity of nucleotide for the binding site (Darwin et al., 2005) . Ile-448 and Tyr-452 in the small helical subdomain coordinate the adenine group, while Leu-301 in the a/b subdomain and Gln-520 in the helical subdomain stabilizes the ribose group (Fig. 4D) . The a/ b subdomain of a neighboring protomer contributes two closely spaced arginines to the nucleotide-binding site, Arg-427 and 2430. Arg-427 may be responsible for sensing the presence of the ATP g-phosphate; Arg-430 forms a salt bridge with Glu-372 in the Walker B motif.
The C-terminal, proteasome-activating motif is concealed in Mpa
To deliver unfolded proteins into a 20S CP, the Cterminus of proteasomal ATPases needs to physically interact with the 20S CPs. In eukaryotes, the surface of the Rpt1-6 hexamer proximal to the 20S CP is concave, with the C-terminal HbYX motifs fully exposed and radially located at the same positions as the binding pockets in the a-ring of the 20S CP (Fig. 5A , left panel) (Smith et al., 2007; Beck et al., 2012) . These features are conducive to Rpt1-6 docking onto the convex surface of the 20S CP. In Mpa, C-terminal GQYL motifs activate degradation by the Mtb 20S CP (Darwin et al., 2005) , presumably by inserting into similar a-ring pockets. Because the last resolved residue in our Mpa structure is Thr-601, the structure of the C-terminal eight residues that include the GQYL motif is unknown. However, we found that Thr-601 is located inside the axial channel. A modeled eight-residue peptide extending from Thr-601 would barely emerge from the exit port of the Mpa hexamer and would not be long enough to reach the binding pockets of the Mtb 20S CP a-ring (Fig. 5A, right panel) . The Mpa C-termini appeared to be recessed because of the presence of the b-grasp-like domains identified in this work (Figs 2A and 3A and B) . This observation is consistent with a previous finding that Mpa interacts with Mtb 20S CPs very weakly. An interaction between Mpa and "open-gate" proteasomes (20S OG CP), in which the eight N-terminal residues of the a-subunits that block the peptide entry port were removed, could only be observed qualitatively using EM (Lin et al., 2008; Wang et al., 2009) . In this study, we attempted to quantify an interaction between Mpa engineered in this study and 20S OG CPs in the absence or presence of nucleotide such as ADP and AMPPNP, but we detected no binding signals (Fig. 5B) .
We hypothesized that an Mpa hexamer with fully exposed GQYL motifs would bind to 20S CPs more strongly. This concept is supported by our recent report of the crystal structure of an ATP-independent Mtb proteasome activator called PafE (Bai et al., 2016) , which interacts in vitro with WT Mtb 20S CPs (Delley et al., 2014; . Unlike Mpa, PafE forms dodecamers with fully exposed C-terminal GQYL motifs Structure of Mtb proteasomal ATPase Mpa 233 Bai et al., 2016) . We reasoned that extension of the Mpa C-terminus would expose the GQYL motifs and facilitate binding to 20S CPs. We inserted five residues (GGGGS) preceding the GQYL motif to produce an Mpa variant with 13 unstructured C-terminal residues (Mpa DN97/C-ext ). Isothermal titration calorimetry (ITC) demonstrated that Mpa DN97/C-ext was bound to Mtb 20S OG CPs with an estimated K d of 2.2 lM (Fig. 5B) . These results support our hypothesis that the b-grasp fold domains near the C-termini of the Mtb proteasomal ATPase hexamer prevent Mpa binding to Mtb 20S CPs by burying the C-terminal GQYL motif.
Next, we determined if extension of the Mpa Cterminus could enhance the degradation of a pupylated substrate by the Mtb proteasome. We used pupylated FabD (PupFabD) as the substrate in an in vitro degradation assay. Consistent with the previous study using pupylated PanB as the substrate (Striebel et al., 2010) , we detected only very low in vitro activity for the WT proteasome in the presence of Mpa, irrespective of a Cterminal extension in Mpa (Fig. 6A) . When we used 20S OG CPs, we observed degradation of FabD-Pup with WT Mpa (Fig. 6A) . Importantly, using Mpa C-ext , but not a Walker B mutant version of Mpa C-ext , significantly accelerated degradation by 20S OG CPs (Fig. 6B) .
Discussion
Proteasomes are important to many fundamental biological pathways, and the degradation of many proteins by a proteasome usually relies on hexameric ATPases. Despite the great importance of these ATP-driven machines, no crystal structure of a full-length hexameric proteasomal ATPase at atomic resolution has been reported (Finley et al., 2016) . In this paper, we describe the crystal structure of a hexamer composed of nearly full-length Mpa protomers. A key finding of this study was the identification of a b-grasp domain at the C-terminal region of Mpa, which appears to be unique among bacterial proteasomal ATPases and influences the structure and function of Mpa. 
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Site-directed mutagenesis of the hydrophilic channel showed that several residues were needed for the efficient turnover of at least two model proteasome substrates. We presume these residues participate in the direct movement of substrates through the axial channel to the 20S CP. Most if not all of the mutations had some impact on ATPase activity, but we cannot rule out that these mutations might also disrupt substrate interactions needed to move a protein through the channel and into the 20S CP.
The most significant finding of our work was the identification of a b-grasp domain that appears responsible for the weak interaction between Mpa and 20S CPs in vitro (Fig. 5) . We speculate that the tucked C-termini of an Mpa ring may prevent unnecessary activation of 20S CPs when pupylated substrates are not present, allowing 20S CPs to participate in other biological pathways such as PafE-mediated proteasomal degradation . We currently do not know how the hidden GQYL motif may be exposed for 20S core binding. However, the extensive structural and functional knowledge of the bacterial HslUV protease system may provide some clues (Sauer and Baker, 2011) . The HslU ATPase undergoes a nucleotide-hydrolysis-coupled rotation and a movement of its C-terminal small AAA subdomain relative to the large AAA subdomain, causing the retraction or exposure of C-terminal tails for binding to the HslV peptidase (Bochtler et al., 2000; Sousa et al., 2000; Wang et al., 2001a Wang et al., , 2001b Wang, 2004) . In Mpa, the b-grasp domain is within a small AAA subdomain (Fig. 2C) , so an ATP-hydrolysiscoupled conformational change of this subdomain may be capable of exposing the GQYL motifs. While this is a reasonable hypothesis, no one has reported the efficient Mpa-assisted degradation of a pupylated substrate in vitro. This suggests that our current biochemical knowledge of the Mtb Pup-Mpa-proteasome system is incomplete and that unknown cofactors or conditions may still be required for this process.
The archaeal PAN hexamer was reported to bind four nucleotides, with two neighboring protomers each binding one ATP, the next two protomers each binding one ADP, and the remaining two protomers being unoccupied (Kim et al., 2015) . In the cryo-EM structure of the human 26S proteasome at an average resolution of 3.5 Å , each of the six RPT proteins contains a bound nucleotide. Although the resolution is insufficient to distinguish ATP and ADP, it was suggested that both ATP and ADP are present in the structure, because three RPTs resemble an ATP-bound conformation, and the other A. Left, in vitro degradation of the substrate PupFabD by 20S WT or 20S OG CPs in the presence of Mpa WT or Mpa C-ext was analyzed by SDS-PAGE, followed by immunoblotting with polyclonal antibodies to Mtb FabD-His 6 . Substrate stability was monitored by removing aliquots at indicated time points and adding sample buffer to stop reaction. Right, a quantitative view of the degradation assays in the left panels by calculating the percentage of PupFabD compared with PrcB-His 6 (Control) using Image J software. All data points were normalized to protein present at t 5 0 h. B. Degradation as described in (A) using 20S OG CPs in the presence of Mpa C-ext or Mpa C-ext/E372A .
three RPTs are more similar to an ADP-bound state . In another cryo-EM structure at 3.9-Å resolution, all six subunits were also occupied by nucleotides, with RPT6 bound by ADP and the other five subunits all bound by ATP (Schweitzer et al., 2016) . In a third cryo-EM structure, the human Rpt1-6 is fully occupied by six nucleotides . Therefore, a proteasomal ATPase can either be partially occupied or fully occupied by nucleotides. However, the structures of archaeal and human proteasomal ATPases are asymmetric, particularly the structures of the substrate translocating loops. In the apo-and ADP-bound forms, the structures of the Mpa hexamer are similar and nearly symmetric, but the substrate binding loops are disordered. It is possible that ATP binding and/or hydrolysis may introduce more asymmetry in the structure. But efforts to capture Mpa in these states have not succeeded so far, and these states await future studies, perhaps by high-resolution cryo-EM that does not rely on crystallization.
Our previous crystal structure of an Mpa 1-234 hexamer included the NT coiled-coil and the double OB ring (Wang et al., 2010) . The Mpa structure presented here contains all of the domains except for the coiled-coil. By overlapping the double OB ring (98-234) that is shared between the Mpa 1-234 structure and the Mpa DN94 structure, we were able to build a plausible atomic model of a hexamer made of full-length Mpa monomers (Fig. 7A) . This structure reveals for the first time the true extent of this bacterial ATPase: despite the disordered N-terminal 50 residues, Mpa with three pairs of long coiled-coils has a dramatic height of over 160 Å , approaching the length of the 20S CP, which is 170 Å tall (Fig. 7B) . The extraordinary height of Mpa is achieved by the unusually long coiled-coils, an extra OB domain, and a C-terminal b-grasp domain. The coiled-coils in Mpa are essential for recruiting pupylated proteins to the proteasome (Fig.  7B) , whereas the shorter coiled-coils of PAN and Rpt1-6 do not have such a role. Further study is needed to understand the function of the extra OB domain, as well as the C-terminal b-grasp domain, of Mpa. A highpriority goal is to determine how the C-terminal GQYL motifs are exposed from an Mpa hexamer to engage the Mtb 20S CP for the degradation of pupylated substrates.
Experimental procedures

Molecular cloning, protein expression, and purification
For crystallization of Mpa in the ADP-bound state, we removed the N-terminal 94 residues and replaced the flexible loop outside the OB2 domain (194-210) by a triple glycine linker. We found that shortening the N-terminal 6 3 His-tag to a 3 3 His-tag was helpful for crystallization without removing the tag. We truncated the C-terminus by 7 residues, yielding a construct of . The construct was confirmed by DNA sequencing and used to transform competent BL21(DE3) Escherichia coli for protein expression. Transformed BL21(DE3) strains were cultured in Luria-Bertani broth medium with 100 lg/ml ampicillin at 378C for 4 h, which was when OD 600 reached 0.8-1.0, and then induced at 308C for 6 h. Protein expression was induced by adding isopropyl-b-D-thiogalactopyranoside (IPTG) at a final concentration of 0.2 mM. Bacterial cells were collected by centrifugation at 4000 3 g for 10 min at 48C, and the fresh cells were immediately resuspended in buffer A (25 mM Tris-HCl, pH 8.2, 500 mM NaCl, 5 mM MgCl 2 , 5% glycerol, 1 mM ATP, 10 mM imidazole). Cells were lysed by passing through a French press twice at 1800 bars, followed by centrifugation at 30000 3 g for 60 min at 48C. Supernatant was collected and loaded onto a 5-ml Ni-NTA cartridge (Qiagen) pre-equilibrated with buffer A and eluted with an imidazole step gradient. The elution fractions containing Mpa were immediately loaded onto a Superdex 200 gel filtration column with buffer B (10 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 0.5 mM ATP). Fractions containing Mpa were collected and used directly for crystallization. Mpa hexamers were highly prone to nonspecific degradation and aggregation. Purification and crystallization were done within 24 h, and no sample concentration was performed beyond Ni-NTA affinity chromatography.
For Mpa crystallization in apo state, we removed the Nterminal 97 residues, yielding a construct of Mpa DN97 . Mpa DN97 was expressed in E. coli strain ER2566 with a Cterminal 6 3 His-tag preceded by a thrombin cleavage site. To produce C-terminal intact protein samples for binding study to the 20S CP, Mpa DN97 was expressed with an internal 6 3 His-tag inserted at residue 199. Mpa DN97/C-ext used for the 20S CP binding study and Mpa C-ext used for in vitro degradation assays were prepared by inserting GGGGS between Thr-601 and Glu-602 in Mpa DN97 and WT fulllength Mpa respectively. Protein expression was induced with 0.4 mM IPTG when the bacterial culture reached an OD 600 value of 0.6-0.8. Induced cells were grown for another 16-20 h at 208C, then were harvested and lysed with microfluidics in buffer 25 mM sodium phosphate pH 7.4, 500 mM NaCl, and 10% glycerol. The supernatant of the lysate was loaded onto a 5-ml Hitrap HP Ni-NTA column (GE Healthcare) and washed with lysis buffer containing 60 mM imidazole, followed by elution with a linear imidazole gradient. Fractions containing the target protein were collected. Further purification was performed using a Superdex 200 16/60 column (GE Healthcare) in a buffer of 10 mM HEPES, pH 7.4, plus 200 mM NaCl.
Crystallization, data reduction, and structure determination
We used the vapor diffusion sitting-drop method for crystallization of at 158C. The protein in buffer B at a concentration of 8-10 mg/ml was crystallized in solution containing 0.1 M Tris-HCl, pH 8.2, 20% PEG 400, 0.2 M MgCl 2 , and 5 mM ATPgS. Streak seeding and macro seeding methods were used to improve the crystal quality. Due to the failure of initial molecular replacement trials, we soaked the crystals with Hg(AC) 2 . Most Mpa crystals were anisotropic and sensitive, so we only soaked Mpa crystals with 1 mM Hg(AC) 2 in mother liquor for 10 min and then immediately harvested the crystals. Crystals were flash-frozen in mother liquor containing 25% glycerol as a cryo-protectant. The hanging drop vapor diffusion method was used for crystallization of Mpa DN97 . In brief, a 0.5 ll droplet of protein sample was mixed with 0.5 ll of reservoir buffer, and the mixed droplet was incubated at 218C for diffusive equilibrium with 100 ll reservoir solution. Protein concentration was 10 mg/ml in buffer containing 10 mM HEPES pH 7.4, 200 mM NaCl. Reservoir solution contains 100 mM Bis-Tris Propane, pH 7.0, 0.475 M NaCl, 18.2% PEG 4000, 20% glycerol. Crystals appeared in 7 days. Crystals were dehydrated for 3 weeks by replacing the mother liquor with 100 mM Bis-Tris propane pH 7.0, 0.6 M NaCl, 27-30% PEG 4000, 20% glycerol. Dehydrated crystals were directly flash frozen in liquid nitrogen. Crystal screening and data collection were carried out at the X25 and X29 beamlines of the National Synchrotron Light Source, Brookhaven National Laboratory, and at the BL17U beamline, Shanghai Synchrotron Radiation Facility. Diffraction images were indexed by IMOSFLM and scaled with SCALA. Most of the crystals were plate-like and highly anisotropic.
For the structure determination of HHH-Mpa95-193-GGG-211-602 co-crystallized with ATPgS, thousands of crystals were screened, leading to one complete data set to 2.9 Å resolution. Although the crystal was soaked with Hg 21 , the diffraction data was inadvertently collected at the selenium peak (0.9791 Å ). Phase determination using Hgderived data failed, probably due to weak anomalous signal. We treated the data set as a native one and solved the structure by an advanced molecular replacement approach as implemented in the Phenix_Phaser-Rosetta program using a powerful computing cluster (DiMaio et al., 2013) . The starting search models were the Mpa1-234 hexamer (PDB ID: 3M9B) and PAN-Rpt5C (3WHK). The structure was largely built by ROSETTA and completed manually in COOT (Emsley and Cowtan, 2004) .
We found the ATPgS used in co-crystallization was hydrolyzed to ADP in the crystal (Supporting Information Fig. S3A and B) . A Mg 21 ion was found to bind to the ADP. The soaked Hg 21 ion was identified some distance away from the nucleotide-binding pocket (Supporting Information  Fig. S3C ). The structure was refined in PHENIX with Cartesian simulated annealing and TLS refinement (Adams et al., 2010) . The structure was refined in P321 at a resolution 2.9 Å , with R factor 5 0.230 and R free 5 0.266. The apo Mpa structure was solved by molecular replacement using the ADP-bound Mpa model in PHASER (Mccoy et al., 2007) and PHENIX suite. The initial model was manually adjusted in COOT and refined by PHENIX and Refmac5 in CCP4 (Winn et al., 2011) . Refinement statistics are summarized in Table 1 .
Isothermal titration calorimetry
ITC experiments were performed in 20 mM Tris, pH 8.0, plus 150 mM NaCl, 2 mM MgCl 2 at 258C using a VP-ITC microcalorimeter (MicroCal). In the absence and presence of 2 mM ADP or 2 mM AMPPNP, 30 lM Mpa DN97 was titrated into 2 lM 20S OG . In the absence of nucleotide, 40 lM Mpa DN97/C-ext was titrated into 2 lM 20S OG. The Origin 7.0 software was used to analyze the results.
In vivo and in vitro degradation assays
Substitutions were incorporated into the Mtb mpa gene using PCR, and mpa variants were cloned into the vector pMV306, which integrates into the chromosomal L5 attB site. An mpa mutant was transformed by electroporation with each plasmid, and bacteria were grown on selective Middlebrook 7H11 agar (Difco) supplemented with oleic acid, albumin, dextrose, and catalase (Middlebrook Enrichment, OADC, BBL). Mtb strains were grown to OD 580 2, and 4 OD equivalents of bacteria from each culture were collected by centrifugation (2880 3 g, 8 min) and washed with PBS plus 0.05% Tween 80. To prepare total cell lysates, bacteria were resuspended in 250 ml lysis buffer (10 mM Tris pH 8, 50 mM NaCl, 1 mM EDTA) and beadbeaten 3 3 30 s. After letting the beads settle, supernatants were mixed with reducing SDS sample buffer and boiled. Lysates were separated by 12% SDS-PAGE and analyzed by immunoblotting using antibodies to Mpa, FabD, or Ino1 (Festa et al., 2010) . Each blot was then stripped and reincubated with a primary antibody to dihydrolipoamide acyltransferase (DlaT) as a loading control (Tian et al., 2005) .
For in vitro degradation assays, each reaction contained 6.9 mg 20S CP, 7.76 mg Mpa (WT or mutant variants), 2 mg Myc-PupFabD-his, 2.5 mM ATP, 20 mM MgCl 2 , 1 mM DTT and 50 mM NaCl in 50 mM Tris, pH 8 in a final volume of 100 ml. At indicated times, samples were withdrawn and added to SDS-denaturing sample buffer to stop the reactions. Samples were analyzed by SDS-PAGE, followed by immunoblotting with polyclonal antibodies to Mtb FabDHis 6 .
For both the in vivo and in vitro data, we quantified relative protein amounts in the immunoblots using Image J software (Schneider et al., 2012) .
Native gel electrophoresis of mutant Mpa proteins
For each mpa mutant strain, we grew bacteria in 25 ml of 7H9 Middlebrook broth with 50 lg/ml Hyg. Cultures were grown to an optical density at 580 nm (OD 580 ) of about 2. We collected equivalent bacterial cell numbers by centrifugation and washed the bacteria once with TBST (25 mM Tris-HCl, pH 7.4, 125 mM NaCl, 0.05% Tween 20). Bacteria were lysed by bead-beating in 500 ll of cold lysis buffer (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA). We kept samples on ice at all times. The samples were transferred to a screw cap tubes with 200 ml of zirconia beads, bead-beaten three times 30 s each with cooling on ice between beatings (beads and bead beater from BioSpec Products, Inc.). The lysates were centrifuged at 6000 r.p.m. for 4 min at 48C in a microcentrifuge. Before removing from BSL3, we sterilized the samples through 0.45 ml syringe filters. For electrophoresis, 100 ll of each sample was mixed with native sample buffer (62.5 mM Tris-HCl, pH 6.8, 40% glycerol, 0.01% bromophenol blue). Proteins were separated on a 7.5% native gel (Bio-Rad, Inc.), transferred to nitrocellulose, and analyzed by immunoblotting with antibodies to Mtb Mpa.
ATPase assays
ATPase activity of Mpa and its mutants was determined by measuring the production of inorganic phosphate using the Malachite Green Phosphate Assay Kit (Sigma). The assays were started by adding 2.5 mM ATP to solution containing 2 lg WT Mpa or its mutants, 20 mM Tris-Cl pH7.4, 10 mM MgCl 2 , 50 mM NaCl. The reactions were performed for 30 min at 378C. Reaction products were collected every 10 min and added to 20 ll Malachite Green reagent in a 96-well plate. The amount of inorganic phosphate that was released was measured by the absorbance change at a wavelength of 620 nm.
Accession codes
The coordinate and the structure factor files of apo and ADP-bound Mpa were deposited in PDB with accession number 5KZF and 5KWA respectively.
